1. Introduction {#s0005}
===============

Inositol pyrophosphates are water soluble molecules that are based on the structural backbone of *myo*-inositol. They are well conserved across eukaryotes varying from yeast to humans [@bb0005], [@bb0010]. Two well characterized inositol pyrophosphates are di-phosphoinositol pentakisphosphate, IP~7~, and bis-diphosphoinositol tetrakisphosphate, IP~8~, [@bb0005], [@bb0010], [@bb0015], [@bb0020], [@bb0025]. These highly phosphorylated molecules turn over rapidly [@bb0015], [@bb0030] and have emerged as important cellular regulators involved in many critical processes including vesicle trafficking, exocytosis, apoptosis, osmoregulation, telomere length regulation, cytoskeleton modulation and neurotrophic activation [@bb0010], [@bb0035], [@bb0040]. Both conventional allosteric regulation and novel pyrophosphorylation are responsible for these effects [@bb0020], [@bb0035], [@bb0040], [@bb0045].

Different lipid and phosphate molecules derived from *myo*-inositol play a crucial role in pancreatic β-cell function [@bb0020]. In particular, we showed that IP~7~ is critical for the exocytotic capacity of the pancreatic β-cell [@bb0050]. Others have shown that mice lacking inositol hexakisphosphate kinase 1 (IP6K1), one of the enzymes that produces IP~7~, have decreased plasma insulin levels [@bb0055]. IP~7~ levels are maintained at high concentration in β-cells (\~ 5 μM), even under basal glucose conditions. The range of IP~7~ concentrations calculated to be present in mammalian cells and yeast varies between 0.5 and 5 μM [@bb0035], [@bb0050]. Although IP~7~ has been described to be involved in multiple cellular processes, the mechanisms regulating IP~7~ in β-cells are unknown.

Our original intention was to investigate regulatory pathways that might impact IP~7~ production. However, our initial studies using relevant signal transduction inhibitors, e.g., against the insulin receptor/PI3K and PLC signaling pathways, made us suspicious that IP~7~ was being depleted by off-target effects of these reagents. Therefore, we addressed the possible non-specific effects of the inhibitors on IP~7~ concentrations. Since IP~7~ is exquisitely dependent on the cellular ATP/ADP ratio [@bb0060], [@bb0065], we hypothesized that the inhibitors indirectly reduced IP~7~ concentrations via depletion of ATP/ADP. Our data demonstrate that this is generally the case. In addition, some of these compounds exhibited a direct effect on IP6K activity. This study emphasizes caution when interpreting results obtained using these inhibitors of inositide metabolism to study specific signaling pathways, especially, but not exclusively, in β-cells.

2. Materials and methods {#s0010}
========================

2.1. Chemicals {#s0015}
--------------

All cell culture reagents were purchased from Thermofisher Scientific (Stockholm, Sweden). Inhibitors such as LY294002, TBB (4, 5, 6, 7-tetrabromobenzotriazole) and wortmannin were purchased from Sigma-Aldrich (Stockholm, Sweden). HNMPA-(AM)~3~ (Hydroxy-2-naphthalenylmethylphosphonic Acid Trisacetoxymethyl Ester), PAO (Phenylarsine Oxide), U73343 (1-\[6-((17β-3-Methoxyestra-1,3,5(10)-trien-17-yl)amino)hexyl\]-2,5-pyrrolidinedione) and U73122 (1-\[6-((17β-3-Methoxyestra-1,3,5(10)-trien-17-yl)amino)hexyl\]-1H--pyrrole-2,5-dione) were purchased from Merck Millipore (Solna, Sweden). HNMPA was purchased from Biomol (Hamburg, Germany).

2.2. Cell culture {#s0020}
-----------------

The hamster derived HIT-T15 β-cell line, purchased from ATCC (Teddington, UK), was cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum, as previously described [@bb0050], [@bb0070].

2.3. Static incubation {#s0025}
----------------------

To measure IP~7~, HIT-T15 cells were labeled for 120 h in a custom made RPMI medium containing 10 μCi/ml \[^3^H\] *myo*-inositol (American radiolabeled chemicals, St. Louis, MO, USA) [@bb0050], [@bb0070]. On the day of the experiment, cells (\~ 1.6 × 10^5^ cells/cm^2^) were incubated for 30 min or 2 h or 4 h with inhibitor or vehicle (DMSO) in a modified KREBS buffer containing 0.1 mM glucose, 119 mM NaCl, 2 mM CaCl~2~, 1 mM MgSO~4~, 4.6 mM KCl, 0.15 mM Na~2~HPO~4~, 0.4 mM KH~2~PO~4~, 5 mM NaHCO~3~, 0.5 mg/ml BSA, 20 mM HEPES and pH 7.4. For experiments involving insulin stimulation, cells were incubated for 30 min in modified KREBS buffer followed by stimulation with the same buffer containing 5 mU/ml insulin (Actrapid®, Novo Nordisk, Denmark) for 3 min. The buffer was removed and cells were lysed by 5% ice-cold trichloroacetic acid (TCA) followed by extraction (see below).

2.4. IP~7~ measurements {#s0030}
-----------------------

The acid lysed cells were incubated on ice for 30 min after addition of 0.5 M EDTA, pH 8.0, to a final concentration of 2 mM. Inositol phosphates, ATP and ADP were extracted essentially as previously described [@bb0060], [@bb0075]. The extracts were neutralized by 0.5 M EDTA, pH 8.0. Ion-exchange HPLC containing a SAX column (250 × 4.6 mm Partisphere 5 μm, Hichrom, Berkshire, United Kingdom) with mobile phases, 1 mM EDTA (buffer A) and 1.25 M (NH~4~)~2~HPO~3~ in 1 mM EDTA, pH 4.4 with H~3~PO~4~ (buffer B) was used to separate inositol phosphates as previously described [@bb0070] with a modified elution profile (0% B - 0 to 5 min; B linearly increased to 50% - 5 to 20 min; 50% B - 20 to 40 min; B linearly increased to 70% - 40 to 55 min; 70% B - 55 to 75 min; B linearly increased to 85% - 75 to 77 min; 85% B - 77 to 90 min; B linearly increased to 100% - 90 to 92 min; 100% B -- 92 to 98 min). Separated fractions were mixed with scintillation solution (Perkin Elmer, The Netherlands) and radioactivity was measured using a liquid scintillation counter (Perkin Elmer). IP~7~ and IP~6~ data are expressed as fold change normalized to average of controls.

2.5. ATP/ADP measurements {#s0035}
-------------------------

For ATP/ADP measurements, cells were cultured in RPMI 1640 medium for 2 days. Static incubation and extraction were then performed as described above. An aliquot of the acid extracted sample was used for ATP/ADP measurements as previously described [@bb0060] or using the ApoSENSOR Kit (Biovision, Milpitas, California) following manufacturer\'s instructions. Data are expressed as fold change normalized to average of controls.

2.6. Expression and purification of IP6K1 {#s0040}
-----------------------------------------

The cDNA of *Hs*IP6K1 (residues 9 to 441) was subcloned into the pDest-566 vector. This vector encodes a 6 × His tag, a maltose binding protein tag and TEV protease cleavage site at the N-terminus. Lemo21 (DE3) Competent *E. coli* cells (New England Biolabs, Massachusetts, USA) were transformed with the resultant plasmid. An overnight culture of the transformed *E. coli* cells was inoculated into nutrient-rich 2xYT medium supplemented with 0.6 mM [l]{.smallcaps}-rhamnose at pH 7.5 and grown at 37 °C to *A*~595~ = 0.7. Isopropyl β-[d]{.smallcaps}-thiogalactopyranoside (0.1 mM) was then added and cultures were continued at 15 °C for 2 days. The cells were disrupted using a constant cell disruption system (Constant Systems Ltd., Northants, UK) under 20 KPsi. Recombinant *Hs*IP6K1 was purified with a Ni-NTA agarose column (Qiagen, Germantown, MD, USA) followed by a HiTrap™ Heparin HP column (GE Healthcare, Pittsburgh, USA). The purity was estimated to be \> 80% as judged by SDS-PAGE. The purified proteins were concentrated and stored at − 80 °C.

2.7. IP6K activity measurements {#s0045}
-------------------------------

Purified IP6K1 protein (150 ng) with inhibitors mentioned in [Table 1](#t0005){ref-type="table"} or vehicle \[DMSO; final concentration = 1% (v/v)\] was added to 100 μl assay buffer comprising: 100 mM KCl, 3 mM MgSO~4~, 1 mM Na~2~ATP, 1 mM Na~2~EDTA, 2 mg/ml BSA, 20 mM HEPES pH 7.2 with KOH, approximately 20,000 d.p.m. \[^3^H\] IP~6~ (Perkin Elmer) and 10 μM IP~6~ (Merck Millipore). Assays were quenched at 15 min with 100 μl ice-cold assay buffer followed immediately by 40 μl ice-cold 2 M HClO~4~ plus 0.2 mg/ml IP~6~. Samples were neutralized and analyzed by Partsiphere SAX HPLC as previously described [@bb0080]. The IP6K inhibitor TNP \[*N*^2^-(m-Trifluorobenzyl), *N*^6^-(p-nitrobenzyl)purine\] (Merck Millipore) was used as a positive control in the kinase assay [@bb0085].Table 1Effect of inhibitors on the IP6K1 activity.Table 1InhibitorIP6K1 activity (% of control)DMSO control100 ± 7.74 (4)Wortmannin, 10 μM90.13 ± 2.88 (4)HNMPA, 75 μM89.66 ± 11.97 (3)U73343, 10 μM86.31 ± 1.16 (3)TBB, 10 μM79.62 ± 4.96 (4)LY294002, 25 μM75.08 ± 4.03 (4)\*PAO, 1 μM8.94 ± 0.45 (3)\*\*\*U73122, 10 μM0.46 ± 0.46 (3)\*\*\*TNP, 20 μM7.61 ± 1.23 (3)\*\*\*[^2]

2.8. Gene expression analysis by real-time RT-PCR {#s0050}
-------------------------------------------------

Total RNA was isolated from HIT-T15 cells (\~ 1.6 × 10^5^ cells/cm^2^) using the RNeasy Mini Kit (Qiagen, Sollentuna, Sweden). Briefly, cells were lysed with RLT lysis buffer (Qiagen). Lysates were applied to a spin column and the subsequent RNA isolation and DNase treatment were carried out according to manufacturer\'s recommendations. Total RNA was reverse transcribed at 37 °C with the Applied Biosystems High Capacity cDNA Reverse Transcription Kit (ThermoFisher Scientific). Gene expression was measured by real-time PCR with PowerUp™ SYBR® Green Master Mix (ThermoFisher Scientific) on an ABI7300 instrument (Applied Biosystems). Reactions were performed with equal amount of cDNA (equivalent to 10 ng of RNA) in a total volume of 40 μL. The forward and reverse primers were purchased from Sigma-Aldrich (Supplemental Table S1) and used at the final concentration of 0.25 μM. The initial step at 50 °C for 2 min was followed by 1 cycle at 95 °C for 10 min and 40 cycles of tandem 95 °C for 15 s and 60 °C for 1 min. The PCR melting curve produced one single peak corresponding to a single amplified product. *Gapdh* was used as an endogenous reference gene for the normalization of the Ct values.

2.9. Quantification of IP6K1 protein levels using immunoblotting {#s0055}
----------------------------------------------------------------

HIT-T15 cells were treated with inhibitors or vehicle as described under Static incubation. Then, cells were lysed with RIPA buffer (150 mM NaCl, 1% NP-40, 0.1% sodium deoxycholate, 1 mM EDTA, 0.1% SDS, 50 mM Tris, pH 7.6) supplemented with complete mini protease inhibitor cocktail and PhosSTOP phosphatase inhibitors (Roche Diagnostics, Stockholm, Sweden). Cell lysates were sonicated and centrifuged at 11,400 *g* for 15 min to remove cell debris. Protein content was measured by Pierce™ BCA protein assay kit (Thermofisher Scientific). Equal amounts of protein extracts (10 μg/lane) were separated using pre-cast NuPAGE™ 10% Bis-Tris gel (Thermofisher Scientific) and transferred to nitrocellulose membranes. Membranes were blocked with 5% skim milk in Tris-buffered saline containing 150 mM NaCl, 0.1% Tween-20, 20 mM Tris base, pH 7.4 (TBST) for 1 h and then incubated overnight with the primary antibody (rabbit-anti IP6K1, Sigma-Aldrich HPA040825, dilution 1: 1000) diluted in TBST containing 5% BSA at 4 °C. After repeated washing with TBST, membranes were incubated with the HRP-conjugated donkey anti-rabbit antibody (NA934, GE Healthcare, Uppsala, Sweden, dilution 1: 5000) diluted in TBST containing 5% skim milk for 1 h at room temperature. The blots were then washed with TBST and developed with Amershan ECL Prime Western Blotting Detection Reagent (GE Healthcare). The chemiluminescence signal was detected by ChemiDoc™ Imaging System and analyzed by densitometry using Image Lab™ (Bio-Rad, Solna, Sweden). The membranes were then washed repeatedly with TBST, probed with HRP-conjugated mouse anti-β-actin (Sigma-Aldrich®A3854, dilution 1: 40,000) for 1 h, washed and developed as described above.

2.10. Statistical analysis {#s0060}
--------------------------

Data are expressed as Mean ± SEM. Data analyses were performed with GraphPad Prism 5.0 using the statistical tests mentioned in the figure legends. A *p*-value \< 0.05 was considered significant.

3. Results and discussion {#s0065}
=========================

3.1. Inhibitors against pathways downstream of insulin signaling decrease IP~7~ levels {#s0070}
--------------------------------------------------------------------------------------

The pancreatic β-cell has a unique feedback mechanism operating even under basal conditions, namely autocrine stimulation of insulin receptors (IRs) by secreted insulin and thereby activation of downstream insulin signaling pathways, particularly through PI3K [@bb0090], [@bb0095]. It is reasonable that this might control β-cell IP~7~ levels, since insulin stimulation in other tissues was shown to increase the levels of the inositol pyrophosphate [@bb0100]. Thus we interrogated IR signaling as a basis for the high IP~7~ levels in β-cells. Among cell lines that are a model for insulin secretion, hamster HIT-T15 cells are particularly useful for the current study because they recapitulate the unusually high IP~7~ level in primary β-cells [@bb0050], [@bb0105]. Blocking insulin receptor signaling using an inhibitor of IR tyrosine kinase activity, HNMPA-(AM)~3~, decreased IP~7~ levels significantly in insulin secreting HIT-T15 cells. We used 75 μM and 100 μM HNMPA-(AM)~3~ [@bb0110], [@bb0115], and both these concentrations decreased IP~7~ almost by 50% ([Fig. 1](#f0005){ref-type="fig"}A). These data could be interpreted to suggest that IP~7~ may be regulated by insulin feedback. To further investigate this, we looked into the activity of PI3Ks, key signaling kinases that are downstream of the IR, and their involvement in IP~7~ regulation. PI3Ks were blocked by using two different inhibitors, LY294002 and wortmannin. LY294002 at concentrations of 25 and 100 μM [@bb0105] decreased IP~7~ levels ([Fig. 1](#f0005){ref-type="fig"}B), whereas a more specific inhibitor, wortmannin [@bb0120], at a concentration 0.5 μM [@bb0125], did not ([Fig. 1](#f0005){ref-type="fig"}C). This discrepancy questioned the involvement of PI3K in IP~7~ production. A higher dose of wortmannin, 10 μM, was able to decrease IP~7~ levels by 29% ([Fig. 1](#f0005){ref-type="fig"}C). At this high concentration, wortmannin is known to block PI4K [@bb0130] and thus PI4K rather than PI3K activity might be implied. Therefore, we used a PI4K inhibitor, PAO to see if PI4K was involved in IP~7~ regulation. PAO at a concentration of 1 and 20 μM [@bb0135], [@bb0140] decreased IP~7~ levels dramatically by 53 and 95%, respectively ([Fig. 1](#f0005){ref-type="fig"}D). It is also possible that the effect of LY294002 was due to an off target effect, as LY294002 has been reported to inhibit CK2 [@bb0145]. Therefore, we used the CK2 inhibitor TBB and examined its effect on IP~7~. TBB at a concentration of 5 and 10 μM [@bb0150] decreased IP~7~ levels by 21% and 38%, respectively ([Fig. 1](#f0005){ref-type="fig"}E).Fig. 1Inhibitors against inositide and related signaling pathways decrease IP~7~ levels. HIT-T15 cells, labeled with 10 μCi/ml \[^3^H\] *myo*-inositol, were incubated with respective inhibitor for 30 min. (A) Blocking IR signaling using HNMPA-(AM)~3~ decreased IP~7~ levels significantly (n = 6, for control; n = 3, for 75 μM; n = 4, for 100 μM). (B) Blocking PI3K by LY294002 (n = 9, for control; n = 7, for 25 μM; n = 6, for 100 μM) decreased IP~7~ levels dose dependently, whereas (C) wortmannin (n = 8, for control; n = 4, for 0.5 μM; n = 3, for 10 μM), did not decrease IP~7~ levels at 0.5 μM, the most commonly used concentration. At high concentration, 10 μM, wortmannin also decreased IP~7~ levels. (D) PI4K inhibitor, PAO, strongly decreased IP~7~ levels dose dependently (n = 5, for control; n = 5, for 1 μM; n = 3, for 20 μM). (E) CK2 inhibitor, TBB, also reduced IP~7~ levels both at 5 and 10 μM (n = 5, for control; n = 3, for 5 μM; n = 4, for 10 μM). (A- E) Data are presented as Means ± SEM, \*\*\**p* \< 0.001, \*\**p* \< 0.01 compared to controls, one-way ANOVA followed by Tukey\'s multiple comparison test. (F) PLC inhibitor, U73122, decreased IP~7~ levels by 31% (n = 7, for control; n = 5, for 10 μM). (G) Whereas, the negative control for PLC inhibitor, U73343, decreased IP~7~ levels more potently by 66% (n = 6, for control; n = 5, for 10 μM). (F and G) Data are presented as Means ± SEM, \*\*\**p* \< 0.001, Student\'s *t*-test.Fig. 1

An interpretation of the above results is that PI3K signaling is not involved in the regulation of IP~7~ levels in β-cells. It also throws doubts on the role of the IR. This is consistent with the fact that direct stimulation of these cells with insulin at concentrations previously determined to activate insulin receptor signaling [@bb0155], did not lead to an increase in IP~7~ (Supplemental Fig. S1). Therefore, the observed IP~7~ changes are likely due to off-target effects of the inhibitors. Nonetheless, this data suggest the potential involvement of other signaling pathways in the establishment of IP~7~ in β-cells.

3.2. Blocking PLC by U73122 indirectly decreases IP~7~ levels {#s0075}
-------------------------------------------------------------

PLC is a key enzyme which breaks down phosphatidylinositol 4,5-bisphosphate (PIP~2~) to inositol 1,4,5-trisphosphate (IP~3~) and diacylglycerol (DAG). The availability of IP~3~ is the critical step in the formation of higher inositol phosphates, including IP~7~ [@bb0160], [@bb0165]. Furthermore, since PI4K activity is important for PIP~2~ formation and inhibition of this kinase resulted in dramatic IP~7~ loss, the impact of PI4K inhibition may be to remove an important precursor. Thus, we examined the possible involvement of PLC in the generation of IP~7~. To test this idea we used a PLC inhibitor and its negative control [@bb0170]. [Fig. 1](#f0005){ref-type="fig"}F and G shows that the negative control of PLC inhibitor, U73343 ([Fig. 1](#f0005){ref-type="fig"}G), decreased IP~7~ levels more potently than the actual inhibitor, U73122, itself ([Fig. 1](#f0005){ref-type="fig"}F). Thus the observed decrease in IP~7~ by these reagents is difficult to interpret. The negative control data suggest the involvement of off-target effects on IP~7~ levels.

Pharmacological inhibitors are convenient and often employed tools for the elucidation of biochemical pathways, but the specificity of these compounds is a known concern [@bb0145], [@bb0175]. Inhibitors have also been reported to non-specifically affect cellular ATP levels [@bb0180], [@bb0185]. This is important because the IP6Ks that are responsible for IP~7~ generation have a high K~m~ for ATP [@bb0190], [@bb0195] and compromising ATP/ADP levels has been shown to affect IP~7~ levels [@bb0060], [@bb0065]. Given the above scenario, we investigated the hypothesis that these inhibitors affect IP~7~ levels in β-cells indirectly. We therefore examined the ATP/ADP ratios after treating HIT-T15 cells with the above broad spectrum of inhibitors.

3.3. Inhibitors against the insulin signaling pathway reduce cellular ATP/ADP levels {#s0080}
------------------------------------------------------------------------------------

HIT-T15 cells were incubated with HNMPA-(AM)~3~, the IR inhibitor, for 30 min. HNMPA-(AM)~3~ treatment at concentrations used to measure IP~7~ levels, 75 μM and 100 μM, decreased ATP/ADP levels by 84 and 89%, respectively ([Fig. 2](#f0010){ref-type="fig"}A). Thus the IP~7~ decrease observed upon blocking the insulin receptor is likely to be mediated by a reduction in ATP/ADP levels. We then tested if this was also the case for the other inhibitors that block the PI3K pathway downstream of the IR.Fig. 2Effect of insulin signaling pathway inhibitors on cellular ATP/ADP levels. HIT-T15 cells were incubated for 30 min in the presence of each inhibitor and ATP/ADP levels were measured. (A) IR inhibitor, HNMPA-(AM)~3~, reduced ATP/ADP levels at 75 and 100 μM (n = 4). (B) PI3K inhibitor, LY294002 (n = 3), also decreased ATP/ADP levels at both concentrations, 25 and 100 μM, whereas, (C) wortmannin (n = 4) decreased ATP/ADP only at 10 μM and not at 0.5 μM, following its effect on IP~7~ ([Fig. 1](#f0005){ref-type="fig"}C). Data are presented as Means ± SEM, \*\*\**p* \< 0.001, \*\**p* \< 0.01 compared to controls, one-way ANOVA followed by Tukey\'s multiple comparison test.Fig. 2

Measuring ATP/ADP upon inhibiting PI3K by LY294002 and wortmannin showed that the decrease in IP~7~ levels using these inhibitors also reflected reduced ATP/ADP levels. In addition to decreasing IP~7~ levels ([Fig. 1](#f0005){ref-type="fig"}B), LY294002 decreased ATP/ADP levels at 25 μM and 100 μM ([Fig. 2](#f0010){ref-type="fig"}B). In contrast, only 10 μM wortmannin decreased ATP/ADP levels ([Fig. 2](#f0010){ref-type="fig"}C) in keeping with its impact on IP~7~ levels ([Fig. 1](#f0005){ref-type="fig"}C), In summary, these data suggest that the observed decrease in IP~7~ levels were mediated by the inhibitor compromising ATP/ADP levels.

Wortmannin has been held as a more specific PI3K inhibitor than LY294002 [@bb0120] and our results underscore that finding. Only at wortmannin concentrations higher than usually employed, did the inhibitor make any impact on either IP~7~ or ATP/ADP. Nevertheless, the LY294002 concentration range we have used are typical for inhibiting PI3K activity in other publications [@bb0200], [@bb0205], [@bb0210]. Thus, our data raise the possibility that the drop in IP~7~ might have contributed to the biological effects reported upon blocking PI3K by LY294002.

We have also evaluated the consequences of long-term treatment with inhibitors comparing HNMPA-(AM)~3~ and LY294002. The non-specific effects of HNMPA-(AM)~3~ and LY294002 upon cellular bioenergetics and IP~7~ levels, observed at 30 min, were confirmed after 2 h and 4 h incubations ([Fig. 3](#f0015){ref-type="fig"}). There was a considerable reduction in both ATP/ADP and IP~7~ levels after 4 h treatment compared to 30 min.Fig. 3Effect of long term treatment with HNMPA-(AM)~3~ and LY294002 on ATP/ADP and IP~7~ levels. HIT-T15 cells, labeled with 10 μCi/ml \[^3^H\] *myo*-inositol, were incubated with respective inhibitor for 2 h (A, C, E, G) or 4 h (B, D, F, H). Treatment with HNMPA-(AM)~3~, IR signaling blocker, or LY294002, PI3K inhibitor, decreased ATP/ADP ratios (A--D, n = 3) and IP~7~ levels (E--H, n = 4) significantly. Data are presented as Means ± SEM, \**p* \< 0.05 \*\**p* \< 0.01, \*\*\**p* \< 0.001, Student\'s *t*-test.Fig. 3

3.4. Effect of PI4K and CK2 inhibitors on cellular ATP/ADP levels {#s0085}
-----------------------------------------------------------------

We then tested the effect of PI4K and CK2 inhibitors on ATP/ADP levels. PAO decreased ATP/ADP levels dose dependently ([Fig. 4](#f0020){ref-type="fig"}A). At 1 μM and 20 μM PAO, when the inhibitor reduced IP~7~ by 53% and 95% ([Fig. 1](#f0005){ref-type="fig"}D), ATP/ADP levels dropped by 21% and 74%, respectively ([Fig. 4](#f0020){ref-type="fig"}A). At 10 μM, TBB decreased ATP/ADP levels by 32% ([Fig. 4](#f0020){ref-type="fig"}B). At the same concentration IP~7~ levels were also reduced by 38% ([Fig. 1](#f0005){ref-type="fig"}E). This again suggests that the observed IP~7~ drop using PAO and TBB could depend on the decrease in cellular ATP/ADP levels.Fig. 4Effect of PAO, TBB, U73343 and U73122 on cellular ATP/ADP levels. HIT-T15 cells were incubated for 30 min in the presence of each inhibitor before ATP/ADP measurements. (A) PI4K inhibitor, PAO, decreased ATP/ADP levels dose dependently. (B) CK2 inhibitor, TBB, reduced ATP/ADP levels significantly at 10 μM. (C) Both PLC inhibitor negative control, U73343, and PLC inhibitor, U73122, reduced ATP/ADP levels. PLC inhibitor negative control, U73343, strongly decreased ATP/ADP levels, an effect that was more pronounced than that obtained by the actual PLC inhibitor, U73122. Data are presented as Means ± SEM, n = 3, \*\*\**p* \< 0.001, \*\**p* \< 0.01 compared to controls, one-way ANOVA followed by Tukey\'s multiple comparison test.Fig. 4

3.5. Effect of the PLC inhibitor, U73122 and its negative control, U73343 on cellular ATP levels {#s0090}
------------------------------------------------------------------------------------------------

The negative control of PLC inhibitor (U73343) decreased ATP/ADP levels more potently (by 86%) than U73122 (by 53%), the authentic PLC inhibitor ([Fig. 4](#f0020){ref-type="fig"}C). Also in this case, the ATP/ADP reduction detected using these inhibitors are well matched to the lower IP~7~ levels observed in [Fig. 1](#f0005){ref-type="fig"}F and G.

3.6. Direct effects of inhibitors on the IP6K {#s0095}
---------------------------------------------

The above results show that all the inhibitors at concentrations affecting IP~7~ levels impacted ATP/ADP ratios. Although this association indicates the involvement of ATP/ADP in IP~7~ synthesis, the contribution of other factors such as IP6K activity and IP6K protein levels cannot be excluded. In order to investigate this further, we screened all the inhibitors, at the minimum concentration in which they impacted IP~7~ levels, against purified IP6Ks. In pancreatic β-cells from mouse, both cell lines and primary islets, there was a dominant expression of IP6K1 and IP6K2 [@bb0050]. The same is the case for HIT-T15 cells derived from the Syrian hamster (Supplemental Fig. S2). Thus use of IP6K1 is a reasonable surrogate for assessing impact on HIT-T15 cell IP6K activity. PI4K inhibitor (PAO) and PLC inhibitor (U73122) potently inhibited IP6K1 activity as efficiently as the well characterized IP6K inhibitor TNP ([Table 1](#t0005){ref-type="table"}). There was also a minor (25%) decrease in IP6K1 activity upon treatment with LY294002 ([Table 1](#t0005){ref-type="table"}). Thus the disruption of IP6K activity upon using these three inhibitors can contribute to the decrease in IP~7~ levels observed in cells. However, the kinase inhibition observed in the test-tube setting may not be directly translated to the cellular situation due to compound-specific interactions with other cellular components. The data obtained from the PLC inhibitor and its negative control can be used as an example to understand this. Since the negative control U73343 and the actual PLC inhibitor U73122 are structurally similar their uptake and availability in an intact cell should be alike. U73343, that did not decrease IP6K1 activity, had a more profound effect in decreasing IP~7~ and ATP/ADP levels than U73122, which had 95% inhibitory effect in the enzymatic assay. This reemphasizes the fact that the degree of IP6K inhibition observed in the cellular context is lower, compared to the test-tube setting.

Furthermore, other inhibitors such as HNMPA, wortmannin, TBB and U73343 do not inhibit IP6K1 directly ([Table 1](#t0005){ref-type="table"}), so their action against IP~7~ can be ascribed mostly to the effect on cellular ATP/ADP levels. We have also investigated a possible effect of all the inhibitors on the IP6K1 protein levels in HIT-T15 cells. Using immunoblotting, we were able to verify that the reduction in IP~7~ is not due to a decrease in IP6K1 protein (Supplemental Fig. S3). Our attempts to measure IP6K2 protein levels ended in vain due to the lack of antibody specific for hamster IP6K2.

3.7. Correlation between ATP/ADP and IP~7~ levels {#s0100}
-------------------------------------------------

Since the drop in IP~7~ was mostly accompanied by decreased ATP/ADP levels, we pooled all the data obtained with different inhibitors to examine whether there was an overall correlation between ATP/ADP and IP~7~. [Fig. 5](#f0025){ref-type="fig"} shows that there was a positive correlation (*R* = 0.7835, R^2^ = 0.6139, *p* = 0.0003). Yet, the correlation improved (*R* = 0.9129, R^2^ = 0.8334, *p* = 0.0006) when we excluded inhibitors that directly inhibited IP6K activity. Therefore, these data suggest that in the case of PAO, U73122 and LY294002 both direct kinase inhibition and reduced ATP/ADP contribute to the overall IP~7~ depletion in intact cells.Fig. 5Correlation between ATP/ADP and IP~7~. Correlation analysis was performed using both IP~7~ and ATP/ADP data obtained from all the inhibitors. IP~7~ levels show a significant positive correlation with cellular ATP/ADP levels, *R* = 0.7835, R^2^ = 0.6139, \**p* = 0.0003, n = 16 using Pearson\'s correlation. ● HNMPA-(AM)~3~ 30 min, ♢ HNMPA-(AM)~3~ 2 h, × HNMPA-(AM)~3~ 4 h, ■ TBB 30 min, ♦ wortmannin 30 min, ▲ PAO 30 min, □ U73122 30 min, ○ U73343 30 min, ▼ LY294002 30 min, ▽ LY294002 2 h and △ LY294002 4 h. When we excluded the inhibitors that affect the kinase activity (PAO, U73122 and LY294002), the correlation improved, *R* = 0.9129, R^2^ = 0.8334, \**p* = 0.0006, n = 9 using Pearson\'s correlation.Fig. 5

It should be noted that the off-target effect was quite specific to IP~7~, for example, with 30 min or 2 h or 4 h treatment with the inhibitor there was no significant decrease in other higher inositol phosphates like its immediate precursor, IP~6~ (Supplemental Table S2 and S3). However, at longer time incubations (4 h), particularly with HNMPA-(AM)~3~, which dramatically reduced the ATP/ADP ratio, there was a tendency for a reduction in IP~6~ too (Supplemental Table S3). These data speak against the use of at least HNMPA-(AM)~3~ in longer term experiments in pancreatic β-cells. The difference in sensitivity of IP~6~ vs. IP~7~ production to ATP/ADP reduction reflects the different K~m~ of the kinases involved. IP5Ks have a K~m~ for ATP in the micromolar range [@bb0215]. In contrast, as we mentioned previously, IP6Ks have an unusually high K~m~ for ATP, i.e. at least an order of magnitude higher (around 1 mM) [@bb0195]. This makes them uniquely sensitive to cellular ATP changes in pancreatic β-cells, whose free concentration of ATP is around 1 mM [@bb0220].

3.8. Conclusions {#s0105}
----------------

The above results show that most of the protein kinase- and lipase inhibitors used decreased intracellular IP~7~ levels largely by reducing ATP/ADP ratios and to an extent by a direct impact on IP6K activity. These data support the view that IP~7~ levels are strongly dependent on the bioenergetics status of the β-cell. Hence, a compromised energy metabolism, irrespective of the cause, will affect IP~7~ and consequently the multitude of processes that this molecule is involved in [@bb0005], [@bb0015], [@bb0020], [@bb0025], [@bb0225]. This is something we are currently investigating further. In addition, the strong direct inhibition of IP6K activity by PAO and U73122 suggests that these reagents must be considered as effective IP6K inhibitors, thus potentially changing the interpretation of data generated by their use. The particular action of PAO may relate to its chemical property of attacking vicinal cysteines in proteins [@bb0230]. IP6K, for example, has been reported to possess cysteines important for catalytic activity [@bb0235]. Although these results are of a particular concern for those studying signal transduction in pancreatic β-cells, they also highlight the fact that the use of the described inhibitors could have erroneously suggested the involvement of key signal transduction pathways in various cellular processes. Another implication of our data is that inositol pyrophosphates may be involved in several cellular processes currently ascribed to unrelated signaling pathways.

Given the broad spectrum of inhibitors that affect IP~7~ levels, it is possible that many other inhibitors, as yet untested, could be having a similar impact on IP~7~ levels. Whilst many laboratories do not have the resources or equipment to investigate whether their inhibitor of interest is indirectly depleting IP~7~, a reasonable strategy that we recommend would be to test the impact of their inhibitor of choice on the ATP/ADP ratio using a commercially available kit. In this way at least some of the potential problems with interpretation could be quickly exposed.
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[^2]: Purified IP6K1 was incubated with various inhibitors in IP6K assay buffer, as described in Materials and methods. Treatment with LY 294002 (PI3K inhibitor), PAO (PI4K inhibitor), U73122 (PLC inhibitor) and TNP (IP6K inhibitor, positive control) decreased IP6K activity significantly. Data are expressed as Means ± SEM (number of independent experiments), \**p* \< 0.05, \*\*\**p* \< 0.001, one-way ANOVA followed by Tukey\'s multiple comparison test.
